Ethanol stimulated the leakage of amino acids and 260-nm-light-absorbing compounds from cells of Saccharomyces cerevisiae. The efflux followed first-order kinetics over an initial period. In the presence of lethal concentrations of ethanol, the efflux rates at 30 and 36°C were an exponential function of ethanol concentration: kx = k= meE(X-XAJ, where k,j and kxm are the efflux rate constants, respectively, in the presence of a concentration X of ethanol or the minimal concentration of ethanol, Xm, above which the equation was applicable, coincident with the minimal lethal concentration of ethanol. E is the enhancement constant. At 36°C, as compared with the corresponding values at 30°C, the efflux rates were higher and the minimal concentration of ethanol (Xm) [14] ). The toxicity of ethanol and other drugs in all these rate-sensitive processes was correlated with their lipid-buffer partition coefficients, suggesting their interference with the hydrophobic regions of membranes (8, 34) . The plasma membrane is the possible target for ethanol inhibition of nutrient transport, but the inner mitochondrial membrane was determined to be the target region of ethanol-enhanced thermal death (3, 31). Ethanol interacts with membranes possibly by insertion into the hydrophobic interior, increasing the polarity of this region, weakening the hydrophobic barrier to the free exchange of polar molecules, and weakening the hydrophobic interactions and affecting the positioning of proteins within the membranes (8). The loss of membrane integrity decreases the ability of the cell to maintain a concentration gradient across the plasma membrane, and several systems involved in solute transport should be affected. Ethanol and other chaotropic factors such as temperature interfere with membrane organization by increasing its fluidity and permeability to ions and small metabolites (6, 8) .
Ethanol stimulated the leakage of amino acids and 260-nm-light-absorbing compounds from cells of Saccharomyces cerevisiae. The efflux followed first-order kinetics over an initial period. In the presence of lethal concentrations of ethanol, the efflux rates at 30 and 36°C were an exponential function of ethanol concentration: kx = k= meE(X-XAJ, where k,j and kxm are the efflux rate constants, respectively, in the presence of a concentration X of ethanol or the minimal concentration of ethanol, Xm, above which the equation was applicable, coincident with the minimal lethal concentration of ethanol. E is the enhancement constant. At 36°C, as compared with the corresponding values at 30°C, the efflux rates were higher and the minimal concentration of ethanol (Xm) was lower. The exponential constants for the enhancement of the rate of leakage (E) had similar values at 30 or 36°C and were of the same order of magnitude as the corresponding exponential constants for ethanol-induced death. Under isothermic conditions (30°C) and up to 22% (vol/vol) ethanol, the resistance to ethanol-induced leakage of 260-nm-light-absorbing compounds was found to be closely related with the ethanol tolerance of three strains of yeasts, Kluyveromyces marxianus, Saccharomyces cerevisiae, and Saccharomyces bayanus. The resistance to ethanol-induced leakage indicates the possible adoption of the present method for the rapid screening of ethanol-tolerant strains. The addition to a fermentation medium of the intracellular material obtained by ethanol permeabilization of yeast cells led to improvements in alcohol fermentation by S. cerevisiae and S. bayanus. The action of the intracellular material, by improving yeast ethanol tolerance, and the advantages of partially recycling the fermented medium after distillation were discussed.
Several ethanol-sensitive rate processes have been identified in yeasts (34) . These processes include the enhancement of death at low, intermediate, and high temperatures (30, 34) , inhibition of growth (4, 8, 10, 34) , and inhibition of several systems for nutrient transport (glucose [12] , fructose [28] , maltose [19] , ammonium [13] , and amino acids [14] ). The toxicity of ethanol and other drugs in all these rate-sensitive processes was correlated with their lipid-buffer partition coefficients, suggesting their interference with the hydrophobic regions of membranes (8, 34) . The plasma membrane is the possible target for ethanol inhibition of nutrient transport, but the inner mitochondrial membrane was determined to be the target region of ethanol-enhanced thermal death (3, 31) . Ethanol interacts with membranes possibly by insertion into the hydrophobic interior, increasing the polarity of this region, weakening the hydrophobic barrier to the free exchange of polar molecules, and weakening the hydrophobic interactions and affecting the positioning of proteins within the membranes (8) . The loss of membrane integrity decreases the ability of the cell to maintain a concentration gradient across the plasma membrane, and several systems involved in solute transport should be affected. Ethanol and other chaotropic factors such as temperature interfere with membrane organization by increasing its fluidity and permeability to ions and small metabolites (6, 8) .
During alcohol fermentation, Saccharomyces carlsbergensis was found to release nitrogen-containing compounds into the medium (18) . These consist mainly of amino acids and related substances and UV-absorbing compounds (sev-* Corresponding author. eral nucleotides, free bases, and nucleosides [16, 17] ) and are released by membrane permeabilization during fermentation. They appear to originate in a free intracellular pool (16) (17) (18) . As, by the end of the fermentation, the leaked material was not reabsorbed by the yeast cells and persisted in the finished product, it was suggested that leakage affects the quality of beer and wine. Ethanol was reported to promote the efflux of Mg2" and 260-nm-light-absorbing compounds and, for high ethanol concentrations, of proteins in Zymomonas mobilis (24) . Another example of ethanol-induced permeabilization of the plasma membrane is the increase of the passive influx of protons in Saccharomyces cerevisiae (9, 15) . Ethanol-induced leakage of ions would be expected to interfere with nutrient accumulation because their active transport into the cell is coupled to ion fluxes and based on transmembrane gradients (5) .
When cellular suspensions of Staphylococcus aureus or Aerobacter aerogenes were heated, leakage of Mg2+, amino acids, 260-nm-light-absorbing compounds, and proteins also occurred (1, 2, 32) . The rate and the nature of the material leaked varied with temperature, in part owing to different amounts of protein coagulation and RNA degradation which increased the content of RNA-like material in the metabolic pool and outside the cell (1, 2, 32) . No significant degradation of DNA appeared to occur in the temperature-stressed cells (1, 23, 32) .
In the present work, we studied the kinetics of ethanolinduced leakage of amino acids, 260-nm-light-absorbing compounds, and ribose-containing compounds in S. cerevisiae at 30 and 36°C. We also correlated the resistance of the plasma membrane to ethanol permeabilization (given by the rate of the efflux of 260-nm-light-absorbing compounds) in S. cerevisiae and Kluyveromyces marxianus (with different ethanol tolerances as previously characterized by conventional methods [25, [27] [28] [29] ) and Saccharomyces bayanus. Improvements in alcoholic fermentation by supplementation of media with amino acids, nucleotides, proteins, vitamins, and metal ions (4, 10) and the protection given to S. bayanus and K. marxianus toward lethal concentrations of ethanol by the compounds leaked from yeast cells subjected to ethanol permeabilization (22) also justified our interest in the present study.
MATERIALS AND METHODS
Microorganisms. The strains used in this study were S. cerevisiae IGC 3507 III, the main strain used by van Uden and co-workers in studies on ethanol toxicity (31); K. marxianus IGC 2671, previously Kluyveromyces fragilis, isolated by van Uden et al. (33) , subjected to studies on ethanol toxicity and tolerance and used in Jerusalem artichoke juice fermentation (25, (27) (28) (29) ; and S. bayanus, an industrial strain used in the production of sparkling wines (35, 36) .
Growth conditions. Yeast cells used in ethanol permeabilization experiments were pregrown for 16 h in an orbital shaker (200 rpm) at 30°C in 500-ml conical flasks closed with cotton plugs and containing 200 ml of a medium with (per liter) 5 g of yeast extract (Difco Laboratories, Detroit, Mich.), 5 g of KH2PO4, 5 g of (NH4)2S04, 1 g of MgSO4, and 100 g of glucose (initial optical density at 640 nm, 0.025, in a PYE UNICAM SP6-550 spectrophotometer). These cells were used to inoculate a similar liquid medium with 20 g of glucose per liter (the initial optical density at 640 nm was 0.7) and grown under the same conditions up to an optical density of 3 (exponential phase).
Ethanol permeabilization and sampling. Cells of S. cerevisiae IGC 3507 III grown as described above were collected by centrifugation, washed twice with sterile phosphate buffer (50 mM, pH 5.0), and suspended in sterile buffer plus different ethanol concentrations contained in conical flasks closed with a rubber bung. The optical density at 640 nm of these cellular suspensions was 3 (approximately 5 x 107 cells per ml, corresponding to 0.94 mg [dry weight]/ml). The cultures were incubated in a thermostated shaking water bath at 30 and 36°C. Samples (5 ml) were centrifuged for 3 min, and the supernatants (A) were removed and immediately frozen for further analysis of UV-absorbing compounds, amino acids, and ribose-containing compounds. The pelleted cells in the centrifuge tubes were suspended in 5 ml of 0.25 M perchloric acid at 4°C and maintained at this temperature for 30 min. They were later centrifuged for 3 min, and the supernatants (B) (containing the cold-acidsoluble compounds) were removed and immediately frozen for further analysis of UV-absorbing compounds, amino acids, and ribose-containing compounds as described below. After cold-acid extraction, the pelleted cells were suspended in 5 ml of 0.3 M potassium hydroxide, placed in a water bath at 37°C, and maintained at this temperature for 1 h for RNA hydrolysis (7) . After this treatment, 5 ml of 1 M perchloric acid at 4°C was added to precipitate the DNA and proteins. The supernatants (C) containing the result of cellular RNA hydrolysis were removed after centrifugation and immediately frozen for further RNA analysis by measuring their ribose content (7) .
Analysis. Supernatants A and B were examined for 260-nm-light-absorbing compounds in a PYE UNICAM SP6-550 spectrophotometer. Amino acids in supernatants A and B were determined by the ninhydrin method (21), using glycine as the standard. The supernatant (B) containing the coldacid-soluble compounds was neutralized with sodium hydroxide before amino acid analysis. The ribose content of the supernatants (A, B, and C) was determined by the orcinol method (7), using ribose as the standard.
Comparison of yeast ethanol tolerance by leakage of 260-nm-light absorbing compounds. For comparison of yeast ethanol tolerance, cells of S. cerevisiae IGC 3507 III, K. marxianus IGC 2671, and S. bayanus were harvested at the exponential phase. The cells were pregrown under standard conditions as described above for permeabilization experiments and subjected to ethanol-induced permeabilization at 30°C, and the supernatants (A) from the centrifuged samples were immediately examined for 260-nm-light-absorbing compounds.
Alcohol fermentations. Batch fermentations were done in an orbital shaker at 30°C by S. cerevisiae and S. bayanus in base medium containing yeast extract (Difco) (1 g/liter), MgSO4 (1 g/liter), (NH4)2SO4 (5 g/liter), KH2PO4 (5 g/liter), and glucose (350 g/liter), and the fermentation profiles were compared with those of fermentations carried out in (i) similar medium including the material obtained after ethanolinduced permeabilization of yeast cells incubated with 18% (vol/vol) ethanol for 4 and 18 h, or (ii) similar medium including the cell debris obtained in the same permeabilization experiments.
These fermentation supplements were obtained by ethanol-induced permeabilization at 30°C of yeast suspensions containing 5 x 107 cells per ml, corresponding to 0.94 g (dry weight)/liter. After 4 or 18 h of incubation with 18% (vol/vol) ethanol, the cells were centrifuged and the debris was washed with sterile water before addition to the fermentation media. The ethanol in the supernatants was removed by evaporation under vacuum at 40°C, until a final concentration below 0.5% (vol/vol) ethanol was obtained. During evaporation, the volume of the supernatants was reduced to 50% of the initial volume. The fermentation media were made up with all the material leaked or with the cell debris corresponding to the permeabilized yeasts in such a way that the concentration of base medium nutrients was maintained.
Glucose was analyzed with the dinitrosalicylic acid reagent (20) , and ethanol was analyzed by gas chromatography in an HP 5710 A gas chromatograph (equipped with a 0.125-in. (0.32-cm) by 2-m column packed with Chromosorb 101 and a flame ionization detector). The temperature of the injector and of the detector was 250°C, and the oven was operated isothermically at 160°C. The carrier gas was N2 with a flow rate of 60 ml/min. Butanol was used as the internal standard.
RESULTS AND DISCUSSION Kinetics of ethanol-induced leakage. When S. cerevisiae cells were suspended in buffer (pH 5.0) at 30 or 36°C, leakage of amino acids and 260-nm-light-absorbing compounds occurred, as described for S. carlsbergensis (18) . The leakage followed first-order kinetics over an initial period ( Fig. la  and b) . When ethanol was added to the buffer, the effectiveness of the plasma membrane in retaining these intracellular compounds against a concentration gradient decreased. Under isothermic conditions, the rate of the efflux of amino acids and 260-nm-light-absorbing compounds increased as an exponential function of ethanol concentration:
k= IXmeE(X-Xm) (1) APPL. ENVIRON. MICROBIOL. where k-x and k-,Y"' were the rate constants of the efflux of amino acids or 260-nm-light-absorbing compounds, respectively, in the presence of a concentration X and in the presence of the minimal concentration of ethanol (Xiii) above which the equation was applicable. E was the exponential constant for the enhancement of leakage (see Fig. 5 ).
The values of Xiii found for this process were close to the values of the minimal lethal concentration of ethanol at these same temperatures (see Fig. 2 and 5) .
The leakage of both amino acids and 260-nm-light-absorbing compounds was ethanol and temperature dependent ( Fig. 1 and 2) . The higher the incubation temperature used, the higher were the efflux rates and the lower was the minimal stimulatory concentration. Xiii, in equation 1 [29] ), the stimulation of the efflux rates of amino acids and 260-nmlight-absorbing compounds was insignificant (see Fig. 5 ), suggesting that ethanol inhibition of growth and fermentation is hardly attributable to the leakage of these compounds. The ethanol-induced leakage of small ions, some of them involved in the transport of nutrients (8, 24) , cannot, at present, be excluded as a mechanism underlying growth and fermentation inhibition.
The ethanol-induced leakage of ribose-containing compounds was also studied, and its kinetics followed a pattern similar to that of the efflux of amino acids and 260-nm-lightabsorbing compounds.
At 30 and 36°C, the leaked amino acids appeared to originate from the free intracellular pool ( Fig. 3 and 4) . In fact, the sum of the amounts of leaked amino acids and those still remaining in the cells and extracted with cold acid was constant during incubation (Fig. 4) . However, a significant increase was detected in the sum of amounts of the 260-nmlight-absorbing compounds leaked plus those remaining in the pool (Fig. 4b) suggesting the possibility, under these conditions, of degradation of 260-nm-light-absorbing macromolecules (Fig. 4b') . In fact, RNA degradation was confirmed by quantifying the decrease of ribose-containing compounds in supernatant C. The degradation, possibly associated with cell starvation (32) , was temperature dependent as described by Allwood and Russell for heated suspensions of S. aureus (1) but did not appear to be ethanol dependent (Fig. 4b') .
Ethanol tolerance and leakage. The (27) , and inhibition of the D-xylose transport system (28) . The resistance of these two yeast strains to the leakage of 260-nm-light-absorbing compounds at 30°C from ethanol-stressed cells appeared to be a function of ethanol tolerance (Fig. 5) . In the presence of concentrations of ethanol up to 22%c (vol/vol), the rate of efflux of 260-nm-light-absorbing compounds in K. mzarxlU1ia1nS was above the corresponding value for S. cerevisiae, suggesting that K. nlZarxianl1lIs presented a more permeable plasma membrane (Fig. 5) . Moreover, K. inar1vianus membrane appeared to be more sensitive than that of S. cereivisiaie to ethanol concentrations below 10% (vol/vol) and above 6% (vol/vol) (Fig. 5) cepted to characterize ethanol tolerance. This is understandable because ethanol tolerance deeply depends on medium composition (4; M. F. Rosa, I. Si-Correia, and J. M. Novais, Biotechnol. Bioeng., in press), temperature (30) , and other environmental conditions. Recently, a method was proposed (9), based on the enhancement by ethanol of passive influx of protons through membranes, in which differences in ethanol tolerance were associated with the effect of ethanol on the acidification curves (9) . The method proposed here is also based on the resistance of the plasma membrane to permeabilization by ethanol. As compared with the stimulation of proton influx (9) , this method is not sensitive to the stimulation induced by concentrations of ethanol below the maximal for growth, probably because nucleotides, owing to their electric charge and higher volume, are less susceptible to leakage than protons.
The multiple differences observed among these three yeast species indicate that further work needs to be done in testing a significant number of fermenting strains to address in more detail the relationship between the resistance to the ethanolinduced leakage of 260-nm-light-absorbing compounds and ethanol tolerance.
Improvements in alcohol fermentation by the addition of the material leaked from ethanol-permeabilized cells. S. cerevisiae IGC 3507 III and S. bayanus were incubated in a base fermentation medium supplemented or not supplemented with the material leaked from cells incubated at 30°C in buffer (pH 5.0) with 18% (vol/vol) ethanol for 4 or 18 h. and their alcohol fermentation profiles were compared. The supplementation led to an increase of the fermentation rates of the two yeast strains (Fig. 6) , the improvements being more significant with the material released after 18 h which contained a higher percentage of intracellular compounds (Table 2 ). S. cerevisiae IGC 3507 III led to higher yields in ethanol possibly because it is a respiratory mutant, but S. bayanus produced ethanol with lower yields (Fig. 6 ). Therefore, the higher sugar consumption rates observed with S. bayanus were understandable and so were the insignificant differences observed in the medium supplemented with the material released after 4 or 18 h (Fig. 6) .
Owing to the utilization of a large inoculum, with cells in the exponential phase, it was possible to attain 15 (Fig. 6) . The decrease in the yield of ethanol production during the first 48 h of fermentation can probably be attributed to the high concentration of the cell debris added, but it is also possible that we are dealing with a physical phenomenon of glucose adsorption by the debris since it was possible to attain an identical maximal concentration of ethanol (Fig. 6 ) after 100 h of fermentation.
The cell debris used here probably corresponded to the "yeast ghosts" referred to by Lafon-Lafourcade et al. (11) as being involved in the restart of stopped fermentations. If this is so, the role of the yeast ghosts in fermentation improvement cannot be attributed only to the adsorption of toxic subproducts of alcohol fermentation as was suggested (11) but mainly to the presence of intracellular compounds still present inside the ethanol-permeabilized cells.
The improvements in alcohol fermentation discussed so far might *be attributed to the increase of yeast ethanol tolerance owing to the presence of several intracellular compounds. This was recently proved (22) for the strain of S. bayanus used here. The ethanol-induced specific death rate was higher for sparse yeast suspensions but decreased to the value calculated for dense suspensions when death experiments were undertaken in a medium containing the intracellular compounds released from dense cell suspensions during incubation with ethanol (22) . Defined additives reported to be involved in alcohol fermentation improvements such as amino acids, nucleotides, vitamins, and metal ions (4) are present intracellularly. Therefore, it is possible that the material released from yeast cells by ethanol permeabilization can protect the remaining living cells from ethanol toxicity, according to several reports on fermentation stimulation by the supplementation of media with commercial yeast extract (4) . Besides their role in decreasing ethanol-induced death, the presence of those protectors led to the decrease of growth and fermentation inhibition by ethanol concentrations near the maximal for growth, but they probably have no effect in the kinetics of growth and fermentation for ethanol concentrations below the minimal lethal concentration as was proved for peptone (C. A. Viegas and I. Sa-Correia, unpublished data) and Ca2" supplementation (R. C. Nabais, I. Sa-Correia, and J. M. Novais, submitted for publication).
The results reported here partially explain two current practices in industrial alcohol fermentation: the possibility of increasing the maximal concentration of ethanol by increasing the amount of the inoculum and by the partial recycling (of about 30% [vol/vol]) of the fermented medium after yeast removal and ethanol distillation. The higher initial cell concentration, besides allowing a faster production of ethanol during the initial stages of fermentation, might, through the compounds released during fermentation by ethanolinduced cell permeabilization, increase the tolerance of the cells still metabolically active to higher concentrations of ethanol. These yeasts, less ethanol inhibited, could continue a more rapid fermentation up to a higher concentration of ethanol. 
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The partial recycling of the fermented medium after cell removal and ethanol distillation, a medium containing the compounds released from the cells during the fermentation, may have a positive effect that surpasses the toxicity of less volatile subproducts of alcohol fermentation such as octanoic and decanoic acids (26, 36) .
